Nuclear magnetic resonance (NMR) structure determination of nucleic acids makes extensive use of vicinal scalar couplings (1-3). In particular, 3 J C4ЈP and 3 J H3ЈP are related with the torsion angles ␤ and ⑀, respectively (4), which define the phosphodiester backbone conformation. In this Communication we present the 2D { 31 P}-sedct-[ 13 C, 1 H]-HMQC experiment, a spin-echo-difference constant-time (ct) scheme (5-9), for measurement of 3 J C4ЈP and 3 J H3ЈP in 13 C-labeled nucleic acids (10 -17) and their protein complexes. The couplings were determined for a uniformly 13 C/ 15 N-labeled 14-base-pair DNA duplex prepared by solid-phase synthesis, both free in solution and in the 17-kDa Antp(C39S) homeodomain-DNA complex (15).
Nuclear magnetic resonance (NMR) structure determination of nucleic acids makes extensive use of vicinal scalar couplings (1) (2) (3) . In particular, 3 J C4ЈP and 3 J H3ЈP are related with the torsion angles ␤ and ⑀, respectively (4), which define the phosphodiester backbone conformation. In this Communication we present the 2D { 31 P}-sedct-[ 13 C, 1 H]-HMQC experiment, a spin-echo-difference constant-time (ct) scheme (5-9), for measurement of 3 J C4ЈP and 3 J H3ЈP in 13 C-labeled nucleic acids (10 -17) and their protein complexes. The couplings were determined for a uniformly 13 C/ 15 N-labeled 14-base-pair DNA duplex prepared by solid-phase synthesis, both free in solution and in the 17-kDa Antp(C39S) homeodomain-DNA complex (15) .
The 2D { 31 P}-sedct-[ 13 (Fig. 1a) takes advantage of the fact that 1 H-13 C multiple-quantum coherence (MQC) relaxes more slowly than 13 C single-quantum coherence (19 -22 Fig. 1b) . Figure 2 affords a comparison of corresponding HMQC and HSQC reference subspectra. For the 17-kDa Antp(C39S)-DNA complex we obtained average sensitivity gains of 1.5 to 2.4. This is in agreement with predictions (22) and significantly larger gains can be expected for larger systems (e.g., nucleic acids with more than 50 nucleotides), which places 2D { 31 P}-sedct-[ 13 C, 1 H]-HMQC in a unique position for studies of 3 J H3ЈP and 3 J C4ЈP in large nucleic acids and nucleic acid-protein complexes. Overlap in the spectral regions of the C3Ј-H3Ј and C4Ј-H4Ј cross peaks (Fig. 2 ) will foreseeably become a limiting factor for systems with more than about 30 nucleotides, in particular at ct ϭ 23 ms, so that preparation of segmentally or selectively 13 C-labeled nucleic acids (10 -17) will be rectangular 90°and 180°pulses are indicated by thin and thick black vertical bars, respectively, and phases are indicated above the pulses. RF pulse lengths: 180°( 1 H) ϭ 11.8 s, 180°( 13 C) ϭ 27 s, and 180°( 31 P) ϭ 106 s. Where no radiofrequency phase is marked, the pulse is applied along x. For the 1 H pulses the carrier was placed at the position of the water line at 4.64 ppm, and the 13 C and 31 P carriers were set to 65 and Ϫ2.1 ppm, respectively. A GARP sequence (27) with RF ϭ 3.3 kHz was used to decouple 13 C during proton detection, and a WALTZ16 sequence (28) with RF ϭ 0.6 kHz to decouple 31 P during carbon chemical shift evolution. Quadrature detection in t 1 ( 13 C) is accomplished by alternating the phases 2 or 3 in (a) and (b), respectively, according to States-TPPI (29 (25) (Fig. 3) . Moreover, it remains to unambiguously assign 3 J C4ЈP5Ј and 3 J C4ЈP3 . This can be achieved if measurement of 3 J H3ЈP and/or 3 J C2ЈP allows a sufficiently precise prediction of 3 J C4ЈP3Ј via corresponding Karplus-type functions (1-3) for the torsion angle ⑀, so that the second coupling can be assigned to 3 J C4ЈP5 and translated into a constraint for ␤. For smaller 13 C-labeled nucleic acids, the assignment may also be supported by inspection of peak intensities registered in 3D HCP (22) . Alternatively, the two values might be used as a pair of constraints to be assigned individually during structure refinement. (8, 18) . We obtained at ct ϭ 23 ms and ct ϭ 46 ms, respectively, 7 and 2 additional 3 J H3ЈP values, and 2 and 3 additional 3 J C4ЈP5Ј and 3 J C4ЈP3Ј couplings. Overall, 24 and 22 constraints could be derived from heteronuclear scalar couplings for the angle ⑀ for the free and complexed DNA, respectively, and 12 and 11 constraints were correspondingly obtained for the backbone dihedral angle ␤ to determine highquality NMR solution structures of the DNA duplex and the protein-DNA complex (26) .
In conclusion, the use of 2D { 31 P}-sedct-[ 13 C, 1 H]-HMQC with uniformly 13 C-labeled DNA enabled the determination of 3 J C4ЈP and 3 J H3ЈP couplings in a DNA-protein complex of size 17 kDa. The 2D ct-[ 13 C, 1 H]-HMQC experiment can be expected to offer a unique potential of providing conformational constraints for the torsion angles ␤ and ⑀ in nucleic acids and nucleic acid-protein complexes with molecular weights well above 20 kDa. 15 N-labeled DNA oligomers were synthesized on a DNA synthesizer (Applied Biosystems Model 392-28) by the solid-phase phosphoramidite method, using isotopically labeled monomer units that had been synthesized according to the previously described general strategy (30) . Approximately 1 mol of oligomer was obtained from 5 mol of nucleoside bound to the resin, and the purity of labeled oligomers was higher than 99% as estimated by HPLC analysis on a C-18 column (Inertsil ODS-2, GL Science). A full account of the synthesis will be presented elsewhere.
FIG. 3. Cross sections along 2 (
1 H) through the C3Ј-H3Ј and C4Ј-H4Ј cross peaks of C 7 and C 28 from corresponding 2D { 31 P}-sedct-[ 13 C, 1 H]-HMQC subspectra recorded with (thick lines) and without (thin lines) 31 P decoupling. As indicated above the figure, the cross sections on the left were recorded with ct ϭ 23 ms, and those on the right with ct ϭ 46 ms (see the legend to Fig. 2 ). The dotted lines indicate the peak heights with and without 31 P decoupling; the difference between these peak heights is the quantity of interest. (a, b) Cross sections containing the C3Ј-H3Ј cross peak of C 28 , which has no 31 P coupling because the DNA studied has no 3Ј-terminal phosphate group. (c, d) Cross sections containing the C3Ј-H3Ј cross peak of C 7 . (e, f) Cross sections containing the C4Ј-H4Ј cross peak of the 3Ј-terminal C 28 . (g, h) Cross sections containing the C4Ј-H4Ј cross peak of C 7 , which is subject to two 31 P couplings. The values of the spin-spin coupling constants calculated from these data are indicated in each panel.
